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Subscripts 
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Equilibrium 
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Saturation 

Wall 





AN EXPERIMENTAL STUDY OF 
LOW-QUALITY, STEAM-WATER CRITICAL FLOW 

AT MODERATE PRESSURES 

by 

Robert E. Henry 

ABSTRACT 

Data for two-phase, s team-water cr i t ical flow were ob
tained in a long, constant-area duct. The ranges of pa ramete r s 
studied were (l) flow rates from 1649 to 6603 Ibj-n/sec-ft^, 
(2) exit p r e s s u r e s from 1 50 to 300 psia, and (3) thermodynamic-
equilibrium qualities from 0.0030 to 0.1467. The data exhibit 
the same general t rends as previously published low-pressure 
(40-150 psia) experimental resul ts , and they are also in good 
agreement with a correlat ion derived from the low-pressure 
data. 

I. INTRODUCTION 

Safety analyses of pressur ized boiling-water, and l iquid-metal-
cooled nuclear reac tors require a knowledge of one-component, two-phase 
cr i t ical flow in the low-quality region where the assumption of thermo
dynamic equilibrium is questionable. ' A consi^ierable amount of experimen
tal information has been accumulated for s team-water systems in the p ressu re 
range Pg S 150 psia, and this has been very useful in structuring cr i t ica l -
flow studies of sodium. 

Typical operating p re s su res for pressur ized and boiling-water 
reac tors are from EOOO to 2200 psia. It is desirable to know if the resul ts 
of the low-pressure studies are character is t ic of such higher p ressure 
levels. The objectives of this study were to: 

(1) Obtain data for s team-water , two-phase, cr i t ical flow in the 
quality range 0.001 < xgg < 0.15 for exit p res su res ranging from 1 50 psia 
to the limit of the facility, which was 300 psia. 

(2) Evaluate the reliability of various analytical and semiempir ical 
models on the basis of the experimental data. 



II. PREVIOUS WORK 

Recent experimental studies of one-component, two-phase cr i t ical 
flows in long constant-area ducts are reviewed in Ref. 1. Most of these 
invest igat ions '" ' were restr ic ted to exit p r e s su re s less than 150 psia and 
thus are comparable to the experimental data of Ref. 1. The investigations 
described in this chapter, with the exception of those in Ref. 1, a re con
cerned with exit p ressures greater than 150 psia. 

Agostinelli and Salemann' presented a limited amount of data on 
the low-quality critical flow of s team-water mixtures through fine annular 
clearances. The exit p ressures ranged from 200 to 300 psia; however, the 
only pressure tap in the vicinity of the exit plane was located in the down
st ream plenum. As discussed in Ref. 1, the meaning of such a measurement 
is difficult to evaluate for steam-water mixtures. It is virtually impossible 
to determine the actual exit p ressure by this means. 

Fauske* reported extensive data for s team-water cr i t ical flows in 
the quality range 0.01 S xgg & 0,70 and for exit p r e s su re s in the range 
40 psia £ Pg <. 360 psia. The results were in good agreement with the 
slip-flow model he developed. 

Zaloudek' investigated the high-pressure discharge of very low-
quality mixtures. The operating ranges were 421 Btu/lbj^ s HQ ^ 533 Btu/ 
Ibjn and 200 psia ^ Pg < 800 psia. When the fluid entering the test section 
was in a two-phase condition, the experimental data showed good agreement 
with the Fauske model. When the incoming fluid was in a subcooled liquid 
state, the experimental flow rates were considerably greater than those 
predicted by the Fauske model. 

Henry experimentally investigated the low-quality discharge of 
steam-water mixtures in the quality range 0.0019 ^ xgg S 0.216 and for 
exit p ressures from 40 to 150 psia. In addition to the usual measurements 
of temperature, p ressure , and flow rate, the local void fraction at the exit 
plane was measured by gamma-ray attenuation. The velocity ratios (k = 
Ug/u,{_) obtained were far less than those predicted by the models of Fauske , ' 
Levy,'° Moody," and Cruver.^ Although these models yield relatively 
accurate predictions for the crit ical flow rates in the range 0.01 S xj, S 1.0, 
they do not correctly describe the physical phenomena in the low-quality 
range examined by Henry, 

The measured void fractions were used to correlate for the non-
equilibrium processes of slip between the phases and a re tarded phase 
change. This approach yielded a simple correlat ion for the cr i t ical flow 
which can be expressed as 
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w h e r e GgHE i s the c r i t i c a l m a s s flow r a t e for H o m o g e n e o u s E q u i l i b r i u m 
Mode l (HEM), def ined by 

' c H E -[^\ 
5 v / „ (2) 

and 

V = (1 - xj;) v ^ + X^Vg; (3) 

s = (1 - X E ) ^l + ^E^g- (^) 

(The t h e r m o d y n a m i c p r o p e r t i e s a r e funct ions of the s a t u r a t i o n p r e s s u r e 
only and can be ob ta ined f r o m the S t e a m Tab l e s . ' ^ ) 

The e x p e r i m e n t a l s tudy of Ref. 1 i l l u s t r a t e d the inf luence of the exi t 
p l ane g e o m e t r y on the m e a s u r e m e n t s of wa l l p r e s s u r e t a p s l oca t ed in the 
i m m e d i a t e v i c in i t y . T e s t s e c t i o n s wi th r ap id e x p a n s i o n s at the exi t p l a n e , 
s u c h a s t h o s e u s e d by F a u s k e ' and Z a l o u d e k , ' e x p e r i e n c e l a r g e t w o -
d i m e n s i o n a l e f fec ts in t he ne ighbo rhood of the exi t , a s shown in F i g . 1. To 
e v a l u a t e the ex ten t of t h i s in f luence , a r a p i d e x p a n s i o n and a 1° inc luded 
angle d i v e r g e n t ex i t g e o m e t r i e s w e r e s tud ied . The t e s t s e c t i o n s w e r e 
o p e r a t e d u n d e r i d e n t i c a l c o n d i t i o n s , and the r e s u l t i n g m a s s flow r a t e s a r e 
c o m p a r e d in F i g . 2. The d i s c r e p a n c i e s b e t w e e n the r e s u l t s a r e c a u s e d by 
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Fig. 1. Two-dimensional Aspects 
of a Rapid Expansion. ANL 
Neg. No. 112-9295. 

Fig. 2. Data Comparison for Different 
Downstream Geometries. ANL 
Neg. No. 112-9312 Rev. 2. 
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the t w o - d i n . e n s i o n a l expans ion d o w n s t r e a m . The 7° d i v e r g e n t g e o m e t r y 
r e d u c e s the t w o - d i m e n s i o n a l b e h a v i o r at the t h r o a t so tha t a m e a s u r e m e n t 
r e c o r d e d by a wal l t ap i s m o r e ind ica t ive of the c e n t e r l i n e p r e s s u r e w h e r e 
the choking phenomena ac tua l ly o c c u r s . Addi t iona l e x p e r i m e n t a l v e r i f i c a t i o n 
of t h i s b e h a v i o r h a s b e e n r e p o r t e d by Kel ly" ' for l o w - p r e s s u r e s t e a m - w a t e r 
c r i t i c a l flow in a d iaba t ic s y s t e m . 

III. E X P E R I M E N T A L A P P A R A T U S 

The e x p e r i m e n t a l c r i t i c a l - f l o w da ta w e r e ob ta ined wi th an i n s t r u 
m e n t e d t e s t sec t ion extending f r o m the blowdown v e s s e l a s shown in the 

s c h e m a t i c d i a g r a m (F ig . 3) of the e x p e r i 
m e n t a l a p p a r a t u s . The o p e r a t i n g p r o c e d u r e , 
t e s t s ec t ion , and m a j o r c o m p o n e n t s , a s we l l 
a s b a s i c m e a s u r e m e n t t e c h n i q u e s , a r e 
d e s c r i b e d in th i s c h a p t e r . The e x p e r i m e n t a l 
da ta a r e s u m m a r i z e d in t a b u l a r f o r m in t he 
Appendix. 

A. O p e r a t i n g P r o c e d u r e 

The o p e r a t i n g p r o c e d u r e w a s a s 
fol lows: 

Fig. 3, Experimental Apparatus. 
ANL Neg. No. 112-9310. j The fac i l i t y w a s f i l led wi th 

d e m i n e r a l i z e d w a t e r at 70°F. The w a t e r 
was c i r c u l a t e d t h rough the 85-kW e l e c t r i c a l h e a t e r u n d e r suff ic ient p r e s 
s u r e to r e t a i n a liquid s ta te th roughou t the s y s t e m . T h i s p r o c e d u r e c o n 
t inued unt i l the w a t e r in the blowdown v e s s e l a t t a ined the r e q u i r e d 
( p r e d e t e r m i n e d ) t e m p e r a t u r e . 

2. The electrical heater was turned off, and circulation continued 
to minimize any temperature stratification within the vessel . When a uni
form temperature was obtained, circulation was halted and the vessel was 
isolated from the heating loop. 

3. The experimental run was taken by opening the valve to the test 
section and pressurizing the vessel from the top with gaseous nitrogen. The 
nitrogen was supplied at a sufficient rate to maintain a constant vesse l p r e s 
sure which was greater than the corresponding saturation p re s su re , thereby 
insuring a liquid state throughout. 

B. The Blowdown Vessel 

The vessel was constructed from a 21-in.-ID steel cylinder, was 
180 in. long with 2i- in. walls. It can hold approximately 2000 lb of water 
and was hydrostatically tested to 2200 psi along with the rest of the basic 
apparatus. 
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C. Nitrogen System 

The nitrogen system consisted of six nitrogen bottles and two delivery 
lines. The low-flow delivery system was governed by a Victor air regulator 
and was capable of maintaining the tank p ressu re to within ±1 psi . The high-
flow delivery line was controlled by an ai r -operated, l /2 - in . Annin valve, 
which maintained the p re s su re to within ±2 psi. 

TEST SECTION C7 

Fig. 4. Test Section. ANL 
Neg. No. 112-9309A. 

t ion in one p i e c e b e c a u s e of i t s l eng th 
ca t ed in two p a r t s . The c o n s t r u c t i o n d e t a i l s a r e g iven in Ref. 1 

D. T e s t Sec t ion 

The t e s t s ec t i on u s e d in t h i s 
i n v e s t i g a t i o n ( see F i g . 4) was 36 in. 
long and c o n s t r u c t e d of Type 304 
s t a i n l e s s s t e e l . T h e r e was no r e a d i l y 
a v a i l a b l e m e t h o d for m a k i n g the s e e -

C o n s e q u e n t l y , it had to be f a b r i -

E. P r e s s u r e M e a s u r e m e n t 

T a b l e I l i s t s the l o c a t i o n s of the p r e s s u r e t a p s , t h e i r s i z e s , and the 
a c c u r a c y of m e a s u r e m e n t o b t a i n a b l e . All p r e s s u r e m e a s u r e m e n t s w e r e 
ob ta ined u s i n g B o u r d o n - t u b e p r e s s u r e g a u g e s , which w e r e p e r i o d i c a l l y 
c a l i b r a t e d a g a i n s t a d e a d - w e i g h t t e s t e r . 

T A B L E I. P r e s s u r e - t a p I n s t a l l a t i o n s 

D e s i g n a t i o n 
D i s t a n c e f r o m 
Exi t P l a n e , in. 

+30.0 
+ 15.0 

+ 6.0 
+2.747 
+ 1.498 
+ 0.502 
+0.032 
+ 0.011 
+0.000 

Diameter of 
Tap, in. 

1/16 
l / l 6 
l / l 6 
l / l 6 
0.010 
0.010 
0.010 
0.010 
0.010 

Accuracy of 
P r e s s u r e Measurement, 

psi 

U8 
U7 
U6 
U5 
U4 
U3 
U2 
Ul 
t 

±5 
±5 
±5 
±5 
±5 
+2 
±2 
±2 
±2 

F. Measurement of Flow Rate 

Since the blowdown vessel was quite tall and the water in the tank 
was in a subcooled state, a convenient method for measuring the flow rate 
was to determine the time interval required for the static head in the vesse l 
to decrease a given amount. The time interval was measured with a stop
watch and the head drop by a Statham ±5 psi differential p ressu re t ransducer . 
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which was connected to pressure taps located at the bottom and top of the 
tank (see Fig, 3). The input signal to the t ransducer was provided by a 
Hewlett-Packard power supply, and the output was read on a four-digit 
Hewlett-Packard digital voltmeter. The head of nitrogen above the water 
was taken into account by assuming the nitrogen was at the same t empera 
ture as the water; this did not produce more than a 1-2% correct ion in the 
flow rate. 

This method was checked by filling the tank with cold water and then 
blowing It down into a weight tank. The measurement of flow rate always 
agreed with the weight-tank value within 2% and was usually within 1%. 

The differential p ressure transducer was calibrated with a mercu ry 
manometer before and after each run. 

G. Temperature Measurement 

Two thermocouples were used in the blowdown system, A chromel-
alumel thermocouple was used in the tank, and an iron-constantan thermo
couple was used in the l /2- in . pipe leading to the test section. Both were 
calibrated in a silicone-oil bath using a platinum res is tance thermometer 
as the standard. A Mueller bridge and a Leeds and Northrup galvanometer 
were used to determine the temperature of the platinum res is tance ther 
mometer, and the thermocouples were read on a Leeds and Northrup 
potentiometer 

During a test run, both thermocouples were recorded and an agree
ment of ±0 5°F was attained. 

H, Evaluation of Equilibrium Quality 

The equilibrium quality at the exit plane was based on the homogene
ous energy equation 

Ho = [ ( 1 - X E ) h^ + xghg]^ + _ £ { ( ! . ^ ^ ) v^ + XEVg}^ (5) 

(The subscript e indicates that all included quantities are evaluated at the 
exit plane ) The stagnation enthalpy was evaluated from the measured 
stagnation temperature , and the flow rate is the experimentally measured 
value, all propert ies are the equilibrium values associated with the measured 
exit p ressure This formulation was used so that the experimental resul ts 
would be directly comparable with those of other studies. 



IV. DISCUSSION O F R E S U L T S 

A. C o m p a r i s o n b e t w e e n Da ta and T h e o r e t i c a l Mode l s 

The da t a for exi t p r e s s u r e s of 150, 200, 250, and 300 p s i a a r e shown 

in F i g s . 5, 6, 7, and 8 r e s p e c t i v e l y . (All the e x p e r i m e n t a l r e s u l t s and the 

a c c o m p a n y i n g a x i a l p r e s s u r e p r o f i l e s a r e t a b u l a t e d in the Appendix . ) F o r 
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Fig, 5. Comparison between Analytical 
Models and Experimental Data 
for Pg = 150 psia. ANL Neg. 
No. 113-3488. 
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Fig. 6. Comparison between Analytical 
Models and Experimental Data 
for Pg = 200 psia. ANL Neg. 
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Models and Experimental Data 
for Pe = 250 psia. ANL Neg. 
No. 113-3489. 

Comparison between Analytical 
Models and Experimental Data 
for Pg = 300 psia. ANL Neg. 
No. 113-3487. 
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comparison the available data of Fauske ' and Zaloudek' are also included 
along with predictions of several prominent theoretical models published 
in the l i terature. For all p ressure levels studied, the models which assume 
thermodynamic equilibrium between the phases (Homogeneous Equilibrium, 
Fauske, ' Levy,'" and Moody") donotagree with the experimental data m 
the low-quality region (xgg < 0.05). This observation is in agreement with 
the low-pressure results reported in Ref. 1. 

The model proposed m Ref. 1 with its solution outlined in Chapter II 
and the Homogeneous Frozen Model ( H F M ) both give predictions in accord 
with the general trends of the data Based on the evidence given in F igs . 5-8, 
the HFM certainly is worthy of further study. 

The HFM, in which the crit ical mass flow rate per unit a rea is 

GcHF = '^PeAEe^g ' 
(6) 

is based on the premise that the mixture expands to the throat (exit plane) in 
an equilibrium manner and is essentially frozen (no interphase heat or mass 
transfer) as it passes through the plane of choking. The basis for this 
premise is an assumption that the velocity in the vicinity of the exit plane 
is so large that there is insufficient time for any significant amount of mass 
transfer to occur. 

As part of the experimental low-pressure study described in Ref. 1, 
the average void fraction at the throat was measured with a one-shot gamma-
ray-attenuation technique. The one-dimensional liquid-continuity equation 
can be written as 

(1 -x) G . , 

Therefore, at very low qualities (that i s , when 1 - x Rs 1) the liquid velocity 
can be accurately estimated if one knows the local void fraction, mass flow 
rate, and the approximate liquid density. The exit velocity ratio data 
reported in Ref. 1, when compared to the two-component resul ts of Fauske,''* 
give credence to the homogeneous assumption that k = 1. Therefore, if the 
flow is indeed "frozen" as the HFM assumes , the cr i t ical velocity asso
ciated with the HFM: 

"c = GcHpf^i - ^ E ) n + ^E^g^g' (8) 

should exhibit good agreement with the measurements reported in Ref. 1. 
The predictions of cri t ical velocity of the HFM and HEM are compared 
with the experimental data in Fig. 9. It is readily apparent that the data 
are m closer agreement with predictions of HEM than with those of HFM. 
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T h e r e f o r e , t he c o m p a r a t i v e l y good p r e d i c t i o n of flow r a t e by the H F M i s 

due to a c o m p e n s a t i n g effect b e t w e e n the v e l o c i t y and the m i x t u r e spec i f ic 

v o l u m e . T h u s , the H F M does not 

c o r r e c t l y d e s c r i b e the p h y s i c a l 

p h e n o m e n o n . 

In r e a l i t y , the qua l i t y for t h e s e 

f lows i s s o m e t h i n g l e s s than the e q u i 

l i b r i u m v a l u e , and the r a t e s of i n t e r 

p h a s e h e a t and m a s s t r a n s f e r at the 

t h r o a t l ie s o m e w h e r e b e t w e e n the 

l i m i t i n g e q u i l i b r i u m and f rozen m o d e l s . 

The f o r m u l a t i o n p r e s e n t e d in Ref. 1, 

a l though it l o s e s s o m e r e a l i s m in the 

e x p e r i m e n t a l c o r r e l a t i o n , i s s u p e r i o r 

QUALITY. Xj , JQ -̂jjg equi l ibr ium and frozen approaches 

„. „ „ , , , J ^ •.- , because it a t tempts to t r ea t the rea l 
Fig. 9. Comparison of Measured Critical ^ 

Velocities with the Homogeneous phenomena descr ibed above. 
Models. ANL Neg. No. 900-5 Rev. 1. 

The predict ion for dimension-

less c r i t i ca l flow rate developed in Ref. 1 is compared to the low-quality 

data in Fig . 10. The model and the exper imenta l resu l t s a re in good a g r e e 

ment for all the exit p r e s s u r e levels 

studied here in . 

B. Geomet r i ca l Compar isons 

F igu re s 5-8 and 10 show 

that the data d i sc repanc ies between 

the 7° included angle divergence 

and rapid-expans ion tes t sect ions , 

which were init ial ly repor ted in 

Ref. 1, a re also apparent at higher 

p r e s s u r e levels . These d i s c r e p 

ancies a re due to the differences 

in the two-dimensional behavior 

downs t ream of the choking plane. 

The rap id-expans ion tes t sect ions 

exper ience la rge radia l p r e s s u r e 

gradients in the region immediate ly 

downs t ream of the choking plane. The effect of this expansion is also felt 

in the subcr i t i ca l viscous layer immediate ly u p s t r e a m of the exit. This 

r e su l t s in sizable two-dimensional p r e s s u r e gradients such that a wall 

p r e s s u r e tap located in this region does not r ecord a measu remen t char 

a c t e r i s t i c of the free s t r e a m where the choking phenomenon occurs . The 

7° d ivergence geomet ry great ly reduces the magnitude of the two-dimensional 

expansion and, thus, a w a l l - p r e s s u r e measu remen t in the vicinity of the exit 

plane is m o r e cha rac t e r i s t i c of the f r e e - s t r e a m value. Based on these 
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Fig. 10. Comparison of Henry's Correlation and 
Experimental Data for All Pressure 
Levels. ANL Neg. No. 113-3484. 
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observations, the data taken with the 7° divergence geometry a re considered 
to be more representative of the critical-flow phenomenon. It should be 
noted that the discrepancies are considerable in the low-quality region and 
essentially disappear for qualities greater than 0.06. Therefore, the -^^S" 
nitude of the differences is dependent upon the mixture density, which is m 
agreement with the two-dimensional explanation. 

C. General Observations 

The experimental data for higher qualities are shown in Fig. 11. For 
qualities greater than 0.06, the rapid-expansion data of Fauske and Zaloudek 

are in excellent agreement with the 
results of this study. The data for 
150 psia exhibit a local maximum 
of Gc/GgpjE in the neighborhood of 
xjig = 0.08, which is in agreement 
with the low-pressure findings. 

Figure 12 displays the axial 
p ressure profile for Run No. 31. The 
gradient deviates from the constant 
value character is t ic of incompres
sible flow before the saturation 
pressure is reached. This deviation 
is indicative of accelerat ion which 
can only be accomplished by the 
formation of a compressible (gaseous) 
phase. The axial void-fraction pro-
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Fig. 11. Comparison of Higher-quality Data 
from This and Other Investigations. 
ANL Neg. No. 113-3483. 

f i les in Ref. 1 conf i rmed the e x i s t e n c e of a g a s e o u s p h a s e u n d e r s i m i l a r 
condi t ions . Such behav io r i s the r e s u l t of p r e v i o u s l y d i s s o l v e d g a s e s exi t ing 
f r o m solut ion a s the s t a t i c p r e s s u r e 
d e c r e a s e s . Since the s ta t i c p r e s 
s u r e is only s l ight ly g rea t e r than the 
s a t u r a t i o n p r e s s u r e , any noncon-
dens ib le gas exit ing f r o m solut ion 
can c a r r y l a r g e a m o u n t s of w a t e r 
vapor in the f o r m of humid i ty and, 
t hus , act a s a s o u r c e for vapor fo r 
m a t i o n p r i o r to reach ing sa tu ra t ion . 

The o s c i l l a t o r y b e h a v i o r at 
low qua l i t i e s which was r e p o r t e d by 
s e v e r a l p r e v i o u s inves t iga to r s '*"^ 
was not o b s e r v e d by H e n r y ' o r in 
th is work. As d i s c u s s e d in Ref. 1, 
in the s tud ies in which such o s c i l 
la t ions w e r e o b s e r v e d , s u p e r h e a t e d 

s t e a m and subcooled w a t e r w e r e m i x e d to ob ta in the d e s i r e d s t a g n a t i o n 
condi t ions . F o r l ow-qua l i t y f lows, the ne t s t a g n a t i o n cond i t ion m a y be 

AXIAL LENGTH. Z,in 

Fig. 12. Axial Pressure Profile for Run No. 31. 
ANL Neg. No. 113-3485. 



saturated or subcooled water, in which case all the steam is condensed and 
the system should experience wate r -hammer effects. It is believed that 
the observed p re s su re oscillations are due to these effects and not to 
"slug flow" as suggested in Refs, 4-6. 

V. SUMMARY AND CONCLUSIONS 

An experimental study was undertaken to obtain detailed data on the 
low-quality cr i t ical flow of one-component, two-phase mixtures for moder
ately high p r e s s u r e s (150 psia s Pg S 300 psia). 

The major conclusions of this investigation can be stated as follows, 

(1) The low-quality data exhibit good agreement with the non-
equilibrium model presented in Ref. 1. 

(2) The h igh-pressure , low-quality resul ts show discrepancies 
between the 7° included angle divergence and rapid-expansion test sections 
similar to those witnessed at lower exit p r e s su re s . The results of the 7° 
divergent tes t section are more representat ive of the actual two-phase 
critical-flow phenomenon. 



APPENDIX 

Data Tabulation 

TABLE II Critical Flow Data 

R u n 

1 

2 

3 
4 

5 

6 
7 

8 

9 
10 

11 
12 

13 

14 
15 

16 

17 

18 

19 
20 

21 
22 

23 

2 4 
2 5 

26 

27 
28 
29 

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

Ho, 
Btu / lb jn 

334.2 
340.6 
332.1 
332.1 
338.5 
340.6 
347.0 
350.2 
350.2 
358.8 
360.9 
366.3 
383.6 
395.6 
369.5 
365.2 
358 8 
368.4 
377.1 
378.2 
381.4 
397.8 
390.2 
388.0 
397.8 
396.7 
397.8 
396.7 
376.0 
382.5 
388.0 
407.7 
403.3 
384.7 
408,8 
412,2 
405 5 
386,9 
393,4 

G g , 

I b m / s e c - f t ^ 

4570 
3952 
6247 
7114 
5178 
4637 
2394 
2299 
2309 
2071 
2068 
2003 
2037 
2013 
3538 
5112 
7330 
3669 
2690 
2690 
2409 
2463 
2590 
4630 
2539 
3528 
2497 
3551 
2849 
2615 
4970 
3050 
2479 
6532 
2981 
2455 
1989 
7776 
3820 

Ex i t P a r 

P e , 
p s i a 

149 

149 
142 

147 

150 

150 

148 

149 
150 

148 

150 

150 

152 

153 

198 

2 0 0 

195 

2 0 0 

2 0 0 

2 0 0 

199 

199 
2 0 1 

2 4 7 

201 

251 

2 0 3 
2 5 2 

201 

201 
251 
251 
204 
251 
251 
201 
151 
252 
251 

• a m e t e r s 

^ E e 

0,0045 
0.0113 
0.0059 
0.0030 
0.0081 
0.0105 
0.0196 
0.0225 
0.0219 
0,0326 
0.0338 
0.0397 
0.0569 
0.0690 
0.0169 
0.0106 
0.0055 
0.0147 
0.0248 
0.0260 
0.0304 
0.0485 
0.0390 
0,0148 
0.0474 
0.0235 
0.0466 
0.0231 
0.0230 
0.0305 
0.0130 
0.0364 
0.0522 
0,0088 
0,0377 
0.0632 
0.;0802 
0.0102 
0.0196 

C ^ C / G C H E 

3.05 
2.70 
4 .27 
4.57 
3.43 
3.10 
1.64 
1.63 
1.60 
1.49 
1.49 
1.47 
1.57 
1.61 
1.90 
2.64 
3.90 
1.92 
1.46 
1.46 
1.32 
1.42 
1.47 
2.07 
1 48 
1.60 
1.45 
1.61 
1.54 
1.45 
2.19 
1.43 
1.46 
2.84 
1.41 
1.49 
1.62 
3.39 
1.71 



TABLE II (Contd.) 

Run 

40 
41 
42 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

58 

59 
60 
61 
62 
63 
64 
65 
66 
67 
68 

69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 

82 
82 
82 

Ho, 

Btu/lbm 

391.2 

389.1 
475.9 
471 3 
469.0 
420,0 
416.6 
414.4 
411,1 
402.2 

398.9 
394.5 
401.1 
412.2 
410.0 
407,7 
403.3 
432 3 
430.1 
425.6 
424 4 
407.7 
404.4 
401 1 
441.4 

439.1 
422 2 
420.0 
416,6 
413,3 
448.2 
447,0 
447 0 
441 4 
404.4 
402.2 

344.9 
341.7 
417.7 
414.4 
420 0 
408.8 
342.7 
342.7 
342.7 
342.7 

G c 
Ibm/sec-ft 

2550 
2042 
2620 

2178 

1649 
3708 
2868 
2424 
2004 
5615 
3215 
2573 
7776 
4395 
3053 
2500 
1993 

3349 
2800 
2330 
1862 
6151 
3156 
2553 
3340 
2808 
3627 
2903 
2423 
1945 
3152 
2720 
2273 
1754 
6603 
3218 
2558 
2653 
3933 
2972 
2458 
1997 
2532 

Exit P; 

Pe. 
psia 

200 
150 
250 

205 
151 
301 
246 
203 
152 
297 
248 

199 
299 
301 
251 
201 
148 
302 
250 
200 
145 
301 
25* 
200 
302 
250 
304 
251 
200 
148 
304 
251 
201 
147 
297 
248 

149 
148 
302 
251 
200 
147 
148 

arameters 

^Ee 

0.0407 
0.0636 
0 1128 
0 1253 
0.1467 
0 0305 
0 0487 
0 0648 
0 0853 
0.0106 
0 0275 
0.0447 
0 0080 
0 0210 
0.0389 
0 0583 
0.0794 
0 0447 
0 0622 
0 0783 
0 1027 
0 0151 
0 0330 
0 0515 
0 0551 
0 0721 
0 0320 
0 0504 
0,0685 
0 0897 
0 0625 
0,0808 
0.1008 
0 1196 
0 0127 
0 0312 

0.0166 
0 0136 
0 0274 
0 0440 
0 0719 
0.0853 
0 0149 

•^c/^cHE 

1.45 
1.61 
1.47 
1.50 
1.55 
1.46 
1.41 
1.47 
1.66 
2 13 
1.49 
1.47 
2.92 

1 69 
1 45 
1,50 
1.64 
1.36 
1.41 
1.46 
1.66 
2.32 
1 48 
1.50 
1.39 
1,45 
1 43 
1.42 
1 48 
1 65 
1,34 
1.42 
1.50 

1 59 
2.52 
1.51 
1,78 
1 78 
1 53 
1 43 
1,52 
1,67 
1 70 
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TABLE m . Axial P r e s s u r e Profiles (psia) 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

8 

222 
210 
251 
257 
232 
221 
196 
202 
208 
215 
219 
242 
255 
289 
267 
293 
352 
270 
272 
272 
283 
322 
302 
355 
320 
347 
318 
340 
266 
282 
378 
358 
337 
412 
369 
346 
308 

432 
348 
310 
282 

7 

194 
199 
198 
205 
197 
194 
187 
194 
197 
205 
210 
231 
236 
264 
250 
261 
280 
253 
262 
261 
270 
302 
288 
321 
303 
a 

303 

-
255 
270 

-
-

317 

-
-

322 
275 

-
325 
293 
259 

6 

179 
177 
171 
178 

179 
179 
179 
184 
187 
195 
200 
212 
210 
230 
238 
242 
244 
240 
250 
250 
255 
278 
270 
302 
281 
308 
282 
306 
245 
256 
312 
322 
287 
317 

-
290 
236 
309 
305 
282 
229 

5 

173 
173 
163 
170 
173 
173 
173 
177 
180 
185 

189 
195 
200 
207 
230 
234 
232 
231 
239 
239 
244 
256 
253 
288 
261 
292 
260 
292 
235 
243 
295 
305 
264 
300 
310 
265 
211 
295 
291 
255 
206 

Position 

4 

171 
170 
160 
167 
171 
172 

169 
173 
175 
179 
182 
187 
190 
193 
226 
230 
227 
227 
234 
232 
237 
246 
247 
280 
247 
288 
250 
288 
230 
238 
290 

299 
253 
295 
301 
251 
195 
293 
287 
247 
192 

3 

165 
163 
155 
162 
165 
165 
161 
164 
165 
168 
168 
171 
174 
176 
215 
221 
218 
217 
222 
221 
222 
227 
229 
270 
230 
274 
231 
273 
220 
224 
275 
280 
232 
280 
282 
231 
175 
283 
273 
228 
172 

2 

153 
152 
144 
151 
153 
153 
151 
152 
154 
152 
152 
155 
156 
158 
202 
204 
201 
203 
204 
204 
203 
204 
206 
252 
206 
256 
208 
255 
205 
205 
256 
256 
209 
257 
257 
207 
154 
259 
256 
206 
155 

1 

150 

149 
142 

149 
150 
150 

149 
149 
150 
149 
150 
150 
152 
154 

199 
201 
196 
200 
200 
200 

199 
199 
203 
247 
201 
251 
204 
252 
201 
201 
251 
251 
204 
251 
251 
201 
151 
252 
251 
200 
151 

Exit 

149 
149 
142 
147 
150 
150 
148 

149 
150 
148 
150 
150 
152 
153 
198 
200 
195 
200 
200 
200 

199 
199 
201 
247 
201 
251 
203 
252 
201 
201 
251 
251 
204 
251 
251 
201 
151 
252 
251 
200 
150 

^Static pressure is greater than the maximum value for the gauge. 



TABLE III (Contd) 

Run 

42 
43 
44 
45 
46 
47 
48 

49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

59 
60 
61 
62 

63 
64 
65 
66 
67 
68 

69 
70 
71 
72 
73 
74 
75 
76 
77 
78 

79 
80 
81 
82 

8 

. 
-

372 
417 

389 
362 
317 
446 
367 
331 
494 
434 
384 
352 
305 
449 
425 
387 
320 
448 
368 
336 

489 
454 
425 
401 

369 
315 

519 
474 
413 
330 

459 
365 
193 
193 
408 
384 
355 
309 
206 

7 

. 
-

296 
398 
372 
337 
284 
405 
347 
312 
412 
405 
364 
332 
277 
435 
402 
352 
285 
405 
352 
317 
467 
417 
407 
382 
332 
282 
487 
432 
367 
292 
405 
347 
187 
187 
392 
370 
332 
277 
195 

6 

-
320 
246 
380 
343 
300 
242 

373 
322 
282 
368 
376 
337 
296 
237 
405 
360 
304 
240 
375 
325 
288 
430 

369 
385 
352 

299 
242 
435 
376 
312 
245 
370 
322 

179 
178 
375 
344 
294 
237 
181 

5 

_ 
286 
217 
362 
320 
2 74 

217 
356 
307 
265 
354 
357 

319 
274 
213 
385 
330 
280 
212 
362 
310 
267 
399 
337 
3 64 

327 
275 
217 
394 
341 
280 
217 
357 
307 
171 
170 
357 
323 
272 
212 
172 

Position 

4 

322 

266 
193 
352 
304 
256 
197 
346 
293 
246 
350 
347 
303 
252 
192 
371 
313 
256 
190 
353 
296 
248 
378 
316 
356 
309 
251 
193 
371 
319 
257 
192 

349 
293 
165 
165 
346 
305 
248 
189 
167 

3 

294 

239 
177 
331 
281 
234 
178 
331 
277 
227 

-
-

285 
231 
185 

-
288 
232 
172 

-
279 
229 
-

"290 

-
296 

229 
175 

-
291 
232 

175 

-
277 
160 

159 
-

283 
229 
172 
160 

2 

259 
212 
154 
307 
254 
209 
159 
305 
254 
204 
307 

309 
259 
207 
154 
310 
258 
206 
151 
309 
256 
205 
310 

259 
311 
258 
205 
156 
312 

259 
208 
153 
305 
254 
151 

149 
208 
255 
203 
152 
150 

1 

251 
205 
151 
301 
246 
203 
153 
297 
248 
199 
299 
301 
251 
201 
148 
303 
250 
200 
145 
301 
250 
200 
303 
250 
304 
251 
200 

149 
304 
251 
201 
147 
297 
248 
149 
148 
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147 
148 
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301 
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201 
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302 
250 
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301 
250 
200 
302 
250 
304 
251 
200 
148 
304 
251 
201 
147 

297 
248 
149 
148 
302 

251 
200 
147 

148 
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